A hybrid life detection radar system which transmits a wideband chaotic signal containing an embedded single-tone is proposed. The chaotic signal is used for target localization by the time-domain correlation method and synthetic aperture technique, and the single-tone signal is used to measure the frequencies of breathing and heartbeat based on an on-chip split-ring integrated sensor and Michelson interference principle. Experimental results in free space and in through-wall scenarios demonstrate that the system can realize human detection and localization simultaneously with high range resolution, high sensitivity, and large dynamic range without complex signal processing. The range resolution is about 10 cm, and the dynamic range is 35 dB for the respiration signal detection and 25 dB for the heartbeat signal detection. Due to its good immunity to interference/jamming and high spectrum efficiency, the proposed system is suitable for post-disaster rescue, elder/infant/patient vitality monitoring, and anti-terrorism enforcement applications.
a remote chaotic imaging radar based on optical fiber links, which uses a Colpitts circuit and an external modulation technique on a laser diode to realize remote transmission over a fiber link [44] . Therefore, chaotic signals have been proved to be a promising alternative to noise signals.
In this paper, we propose a novel hybrid life detection radar which utilizes a wideband chaotic signal with a single-tone as the transmitted signal. The chaotic signal is responsible for target localization by a time-domain correlation method and synthetic aperture technique, while the CW signal is used for human detection. The major contribution of this paper is that to our knowledge, it is the first to introduce wideband chaotic signals to the life detection radar field. Although noise signals have been applied for human detection, chaotic signals have better characteristics than noise signals as mentioned before. In addition, different from the existing hybrid life detection radar proposals, the two waveforms are transmitted simultaneously without a switch or some other controller. Due to the featureless properties of the chaotic signal, the two waveforms are independent and will not influence each other. Moreover, a rapid interference phase detection method based on an on-chip microwave sensor is used to detect vital signs, which can make the GHz wideband signal collapse to a single low frequency in the receiver. The sensor with a size of 40 mm × 50 mm is a rectangular split ring integrated with a Schottky diode, and it has high sensitivity and large dynamic range [45] . Therefore, our proposed life detection radar can accurately localize the human beings, and detect their vital signs simultaneously with high range resolution, high sensitivity and without complex signal processing. The paper is organized as follows: Section 2 presents the proposed radar system and its principles, including the characteristics of the composite transmitted signal and the split-ring based sensor, the experimental setup, and the principles of target ranging and human detection. Section 3 illustrates experimental results in free space and in through-wall scenarios. The dynamic range of human detection is also analyzed. Finally, Section 4 offers some conclusions.
The Radar System and Its Principles

The Transmitted Signal
The transmitted signal consists of a chaotic waveform generated by an improved Colpitts oscillator and a single frequency tone at 3.4 GHz. The use of a chaotic signal generated by a Colpitts oscillator has the following advantages: (1) a wide spectrum is easily achieved without any expensive devices, such as high-speed PN generator, broadband large-gain amplifier, or expensive photoelectric devices needed in the optical generation of chaos; (2) the non-periodic waveform eliminates detection ambiguity which inherently exists in PN radar; (3) the Colpitts circuit is compact and stable, which is beneficial to system integration, and (4) the noise-like waveform ensures excellent jamming resistance. The detailed parameters of the Colpitts circuit can be found in [46] . Figure 1 shows the time series, power spectrum and autocorrelation curve of the transmitted signal. Obviously, the waveform has a noise-like feature and no obvious periodicity, and its peak-to-peak value is approximately 600 mV. The prominent power spectrum spans from 2 GHz to 5 GHz, and the power of the 3.4 GHz is about 20 dBm higher than the average power of the chaotic signal. The autocorrelation trace of the time series shown in Figure 1c exhibits a delta-like profile, and the inset shows the full width at half maximum (FWHM) of the correlation peak is 0.65 ns. According to Wiener-Khinchin theorem, the signal's autocorrelation function and its power spectrum are Fourier transform pairs, so the FWHM of the autocorrelation function depends primarily on the signal's bandwidth. While the bandwidth B determines the range resolution of the radar system by c 0 /2B, where c 0 is the speed of light in free space. Then we can deduce that the free-space range resolution equals c 0 ·FWHM/2 based on −3 dB criterion. Therefore, the theoretical range resolution of the proposed radar system is 9.75 cm. 
On-Chip Split-Ring Based Sensor
The sensor for vital sign detection is an on-chip solid state sensor which integrates a rectangular split ring operating at a resonance frequency of 3 GHz and a Schottky diode, as shown in Figure 2a . A split-ring sensor has the advantages of high sensitivity, low cost, and easy fabrication, and thus has been successfully applied to be used as biosensors and to detect the dielectric properties of various liquids. The rectangular split ring is firstly fabricated using High Frequency Structure Simulator (HFSS) software and then made into a printed circuit board. It has a copper loop with two symmetric gaps on the FR-4 substrate, and one gap integrates a Schottky diode. Figure 2b shows the experimental and simulated frequency response of the sensor. Note that the experimental one is measured by a vector network analyzer (R&S, ZNB8), and the simulated one obtained by the HFSS software is for the split ring, not the integrated sensor. Clearly, due to the impedance change caused by the Schottky diode, the experimental resonant frequency of the sensor is shifted from 3 GHz to 3.4 GHz, but the shapes of the two curves are in good agreement with each other. Moreover, the sensor acts as a narrow band filter and mainly collects the energy around the frequency of 3.4 GHz, which is one of the main reasons that we can use the composite signal as the transmitted signal. Figure 3 illustrates the experimental setup of our proposed hybrid life detection radar, in which devices connected by the gray lines are specific to human target ranging using a chaotic waveform, while devices connected by the blue lines are dedicated to vital sign detection using a continuous 
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Experimental Setup
As for vital sign detection mode, a CW signal at frequency f = 3.4 GHz is generated by a signal generator (SG1, AV1487A), and then split by a power divider (PD2, A-INFO P/N: GF-T3-1000-18000). One part of the signal passes through the "reference path", which includes a voltage-controlled phase shifter (RF-LAMBDA RVPT0204GBC) and an attenuator (Agilent 84968). The phase shifter is controlled by a sawtooth wave at frequency fv = 100 kHz produced by a signal generator (SG2, Agilent 33220A). The reflected signal, which is modulated by the human chest's periodic displacement caused by heartbeat and respiration, is received by the sensor with a resonance frequency f. The reference signal and the reflected signal couple or interfere at the sensor. Then the interference signal passes through a bias tee (ZFBT-6G-FT), which separates the RF signal and low frequency signal. The resultant low frequency signal is sent to a digital lock-in amplifier (Signal Recovery 7270) for phase measurement, which triggered by the synchronized square wave from the SG2 at a frequency of fv. The output of the lock-in amplifier is transferred to the computer to process and display. Here, by using the lock-in amplifier, the very weak low frequency signal can be detected from an extremely noisy environment, such as earthquake rescue scene.
Principles
As for ranging mode, target range information can be obtained by correlating the received signal with the reference. Since the autocorrelation of chaotic signal is a delta-like function, the correlation can be expressed as: As for ranging mode, the chaotic signal generated by the Colpitts oscillator is divided into two paths by a power divider (PD1, A-INFO GF-T2-20-3000). One acts as the reference signal, while the other is up-converted by a mixer (MARKI M2-0026), amplified in a maximum 25-dB gain power amplifier (CONQUER KG-RF-10), and transmitted via an 11-dB gain ridge horn antenna (TX, A-INFO LB-10180). The signal collected by another identical ridge horn antenna (RX) is amplified in a low noise amplifier (LNA, MITEQ JSMF4-02K180-32-10P), and then down-converted and demodulated into in-phase/quadrature (I/Q) channels by a power divider (PD3, A-INFO P/N:GF-T3-1000-18000), two mixers (MARKI M2-0026) and a 90 • bridge (A-INFO-DQ-T-1018). The I/Q demodulation helps to mitigate the null detection point problem when a very weak or no signal in one of the quadrature channels occurs at certain distances. The demodulated signal V I (t) in I channel, V Q (t) in Q channel and the reference chaotic signal V ref (t) are recorded by an oscilloscope (R&S RTO1024) and then post-processing in the computer. The sampling rate and the bandwidth of the oscilloscope are 5 GSa/s and 2 GHz, respectively.
As for vital sign detection mode, a CW signal at frequency f = 3.4 GHz is generated by a signal generator (SG1, AV1487A), and then split by a power divider (PD2, A-INFO P/N: GF-T3-1000-18000). One part of the signal passes through the "reference path", which includes a voltage-controlled phase shifter (RF-LAMBDA RVPT0204GBC) and an attenuator (Agilent 84968). The phase shifter is controlled by a sawtooth wave at frequency f v = 100 kHz produced by a signal generator (SG2, Agilent 33220A). The reflected signal, which is modulated by the human chest's periodic displacement caused by heartbeat and respiration, is received by the sensor with a resonance frequency f. The reference signal and the reflected signal couple or interfere at the sensor. Then the interference signal passes through a bias tee (ZFBT-6G-FT), which separates the RF signal and low frequency signal. The resultant low frequency signal is sent to a digital lock-in amplifier (Signal Recovery 7270) for phase measurement, which triggered by the synchronized square wave from the SG2 at a frequency of f v . The output of the lock-in amplifier is transferred to the computer to process and display. Here, by using the lock-in amplifier, the very weak low frequency signal can be detected from an extremely noisy environment, such as earthquake rescue scene. 
As for ranging mode, target range information can be obtained by correlating the received signal with the reference. Since the autocorrelation of chaotic signal is a delta-like function, the correlation can be expressed as:
where ⊗ denotes the correlation operator, and τ is the time delay between V ref (t) and I or Q output, which includes system delay and round-trip propagation delay from the antenna location to the target.
In the experiment, we locate two antennas oppositely and closely to estimate the system delay, and set it as the starting point of the correlation curve. Thus, the position of the correlation peak corresponds to the range of the target. Further, we use synthetic aperture processing and back-projection imaging algorithm to obtain two-dimensional imaging of the target. As for vital sign detection mode, denoting the amplitude of the reference signal and the reflected signal as e r and e R , respectively, the initial phase of the reference path as ϕ 0 , the phase difference between the incident and the reflected microwaves due to the oscillation of the target as ∆ϕ, then the reference signal and the reflected signal can be written as:
where λ is the wavelength, d 0 is the distance between the sensor and the target, x(t) is the chest wall displacement caused by heartbeat and respiration. According to the Michelson interference principle [47] , the voltage across the sensor due to the wave mixing of two signals is given by:
The above equation includes a second harmonic term with a frequency of 2f (which is undetectable using conventional instruments and can be ignored), and a low frequency signal, which carries the phase information caused by the chest wall movement. Therefore, by using the phase shifter and the sensor, the GHz microwave signal is down-converted to a low-frequency signal, which facilitates the signal detection. The phase measurement by the lock-in amplifier corresponds to the phase difference between the reference and the reflected wave. Hence we can simply obtain the frequencies of heartbeat and respiration by performing a Fast Fourier Transform (FFT) on the phase data.
Experimental Results
Human detection and ranging experiments are performed in free space and in through-wall scenarios. Note that for ranging mode, to enhance the range performance, average method and background subtraction technique are employed to process the correlation function. In our experiments, the correlation is calculated with a length of 100 µs and averaged with 20 measurements. For vital sign detection mode, due to the rapid processing of the lock-in amplifier and the computer, the heartbeat and respiration frequencies can be obtained in real time. A commercial shiatsu heartbeat tester is also used in our experiment to verify the correctness of the results.
Human Detection and Ranging in Free Space
A young male with steady breathing is seated to face the antenna set (composed of one transmit antenna and two receive antenna/sensor) placed 1.5 m away. Figure 4 shows the phase oscillation with time collected by the lock-in amplifier. It can be seen that the heartbeat signal superimposes on the respiration signal, and the respiration signal is stronger than the heartbeat signal. To obtain
the frequencies of heartbeat and respiration, a FFT transform is performed on the raw phase data. Figure 4b depicts the result with three significant peaks. The first sharp peak at 0.216 Hz corresponds to the breathing frequency (f B ), the second peak at 0.432 Hz stands for the second harmonic of breathing (2f B ), and the last peak at 1.026 Hz represents the heartbeat frequency (f HB ). There is also another peak corresponds to the third harmonic of respiration (3f B shown in Figure 4b ). Sometimes its height is comparable to that of the heartbeat frequency, but it can be easily distinguished because it is three times the breathing frequency. Meanwhile, the measured beats per minute (BPM) value in the shiatsu heartbeat tester is 62, and then the heartbeat frequency is 1.03 Hz, which is nearly consistent with our experimental result. Furthermore, the amplitude of chest oscillation can be estimated from the maximum and minimum value of the phase data:
where φ(t) L is the phase measured by the lock-in amplifier. In our experiment, the measured amplitude is about 2 mm-3.5 mm, in good agreement with the results, demonstrated by Droitcour et al. [48] , that the Root Mean Square (RMS) for respiration motion is 2 mm. Figure 4c shows the ranging result. From the peak of the correlation curve, we can find that the target location is 1.5 m, which exactly equals to the real value, although the side-lobe level is somewhat high because of the oscillation of the signal's frequency spectrum. comparable to that of the heartbeat frequency, but it can be easily distinguished because it is three times the breathing frequency. Meanwhile, the measured beats per minute (BPM) value in the shiatsu heartbeat tester is 62, and then the heartbeat frequency is 1.03 Hz, which is nearly consistent with our experimental result. Furthermore, the amplitude of chest oscillation can be estimated from the maximum and minimum value of the phase data:
where φ(t)L is the phase measured by the lock-in amplifier. In our experiment, the measured amplitude is about 2 mm-3.5 mm, in good agreement with the results, demonstrated by Droitcour et al. [48] , that the Root Mean Square (RMS) for respiration motion is 2 mm. Figure 4c shows the ranging result. From the peak of the correlation curve, we can find that the target location is 1.5 m, which exactly equals to the real value, although the side-lobe level is somewhat high because of the oscillation of the signal's frequency spectrum. Figure 5 shows the human detection and ranging results, when the subject is located at 1, 2, 3, 4.5 m, respectively. Clearly, range information can be obtained within a reasonable error range. As the range increases, the amplitude of the heartbeat frequency decreases, especially when the range is larger than 2 m, it cannot be distinguished. However, the respiration frequency is still distinct. In fact, for rescue applications, the breathing signal is enough for human detection. The largest experimental distance allowed in our laboratory is 6.5 m, where the respiration signal can also be detected, but we cannot get the target location accurately by simple signal processing. Figure 5 shows the human detection and ranging results, when the subject is located at 1, 2, 3, 4.5 m, respectively. Clearly, range information can be obtained within a reasonable error range. As the range increases, the amplitude of the heartbeat frequency decreases, especially when the range is larger than 2 m, it cannot be distinguished. However, the respiration frequency is still distinct. In fact, for rescue applications, the breathing signal is enough for human detection. The largest experimental distance allowed in our laboratory is 6.5 m, where the respiration signal can also be detected, but we cannot get the target location accurately by simple signal processing. 
Human Detection and Ranging in Through-Wall Scenarios
In through-wall scenarios, a 2 m × 3 m (height × width) cinder block wall with 20 cm thick and a mean attenuation of 25 dB at 3.4 GHz was constructed. The antenna set is fixed on the platform at a height of 1.1 m and close to the front wall. A young male with steady breathing is seated at 1, 2 and 3 m, respectively, behind the wall. The results are shown in Figure 6 .
Obviously, due to the serious attenuation through the cinder brick wall, the correlation peak is lower and the heartbeat signal is weaker than that in free space. However, when the distance is extended to 3 m, the location of the target can still be detected, and the respiration rate can be identified by the peak in the frequency spectrum. It is demonstrated that the system has good performance in penetrating walls. Figure 7 illustrates the raw phase data collected by the lock-in amplifier when a young male performs different activities. The subject does the following actions in turn: standing still with steady breathing at 1 m away from the wall, waving the arms without moving, standing still again, moving back and forth, leaving the room, and moving again. Clearly, when the subject is standing still between 0 s and 35 s, the signal presents smaller and periodic fluctuations (around 0.2°), corresponding to the breathing activity. When the subject is waving the arms in position between 35 s and 65 s, the amplitude of the oscillation increases irregularly (around 0.35°). The most intense fluctuation occurs when the subject is walking back and forth (around 1°). Specifically, when the subject leaves the room between 130 s and 170 s, the signal variability is relatively modest (around 0.1°, determined by the system noise level). Therefore, from the signal features, the system has the 
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(a) (b) Figure 10 shows the experimental result for two humans located at (0.8, 1.0) m and (2.0, 1.5) m, respectively. Obviously, targets can also be easily identified. However, some ghost images exist, due Figure 10 shows the experimental result for two humans located at (0.8, 1.0) m and (2.0, 1.5) m, respectively. Obviously, targets can also be easily identified. However, some ghost images exist, due to the interferences and multiple reflections between the targets. The phase data in Figure 8b ,c show that two subjects have a similar respiration rate of around 20 breaths/min (obtained by FFT operation). For the second human, who are farther away from the wall, the signal's SNR is lower than that of the first human, and much less than that in free space, shown in Figure 4c . 
The Dynamic Range Analysis
In our proposed system, the vital sign detection is more sensitive than ranging detection. Here, the power dependence of the detected respiration and heartbeat signal in free space is analyzed. The subject is located at 1 m away from the antenna set. Figure 11 illustrates the phase data of the vital sign signal and the corresponding FFT results for different transmit powers.
Clearly, the noise level increases as the power decreases, but the respiration signal can be seen from 25 dBm to −10 dBm power, while the heartbeat signal cannot be found when the power is less than or equal to −10 dBm due to the low SNR. Therefore, the dynamic range of our present set-up, is about 35 dB for the respiration signal detection and the 25 dB for the heartbeat. Using the inverse square law of the radiation, we estimated that, ideally, at 25 dBm microwave power, we can detect the respiration frequency even if the target is 56 m away from the system, and the heartbeat is 18 m. 
Conclusions
This paper has developed a hybrid life detection radar system which uses a wideband chaotic signal with an embedded single-tone. The composite signal is transmitted simultaneously, and the received signal is collected by a wideband horn antenna and an on-chip split-ring integrated sensor, respectively. The system can detect the breathing signals, heartbeat signals, and localize the target simultaneously. It has high range resolution, about 10 cm, due to the delta-like autocorrelation function of the transmitted signal, and high sensitivity for vital sign detection due to the integrated sensor. Meanwhile, by using the phase shifter and the sensor, the GHz wideband signal collapses to a single low frequency in the receiver, which can simplify the detection method and post-processing, and by using the digital lock-in amplifier, real-time vital sign detection can be achieved. The system also has the ability of discriminating different situations, tracking moving targets, and detecting multiple targets in through-wall scenarios. Moreover, the system has relatively large dynamic range, about 35 dB for the respiration signal detection and 25 dB for the heartbeat signal detection, which is beneficial in strong clutter environments. Therefore, the proposed system can be applied in rescue applications, such as searching for trapped people during a fire or earthquake, and elder/infant/patient vitality monitoring in the hospital or at home. Furthermore, due to the featureless nature of the transmitted signal, several radar systems can share the frequency spectrum, and work together with slight cross-interference to construct a radar network, which is favorable in practical applications. 2014DFA50870), and the Program for the Outstanding Innovative Teams of Higher Learning Institutions of Shanxi. 
This paper has developed a hybrid life detection radar system which uses a wideband chaotic signal with an embedded single-tone. The composite signal is transmitted simultaneously, and the received signal is collected by a wideband horn antenna and an on-chip split-ring integrated sensor, respectively. The system can detect the breathing signals, heartbeat signals, and localize the target simultaneously. It has high range resolution, about 10 cm, due to the delta-like autocorrelation function of the transmitted signal, and high sensitivity for vital sign detection due to the integrated sensor. Meanwhile, by using the phase shifter and the sensor, the GHz wideband signal collapses to a single low frequency in the receiver, which can simplify the detection method and post-processing, and by using the digital lock-in amplifier, real-time vital sign detection can be achieved. The system also has the ability of discriminating different situations, tracking moving targets, and detecting multiple targets in through-wall scenarios. Moreover, the system has relatively large dynamic range, about 35 dB for the respiration signal detection and 25 dB for the heartbeat signal detection, which is beneficial in strong clutter environments. Therefore, the proposed system can be applied in rescue applications, such as searching for trapped people during a fire or earthquake, and elder/infant/patient vitality monitoring in the hospital or at home. Furthermore, due to the featureless nature of the transmitted signal, several radar systems can share the frequency spectrum, and work together with slight cross-interference to construct a radar network, which is favorable in practical applications.
